Single nucleotide polymorphisms (SNPs) have been proposed to be grouped into haplotype blocks harboring a limited number of haplotypes. Within each block, the portion of haplotypes is expected to be tagged by a selected subset of SNPs; however, none of the proposed selection algorithms have been definitive. To address this issue, we developed a tag SNP selection algorithm based on grouping of SNPs by the linkage disequilibrium (LD) coefficient r 2 and examined five genes in three ethnic populations-the Japanese, African Americans, and Caucasians. Additionally, we investigated ethnic diversity by characterizing 979 SNPs distributed throughout the genome. Our algorithm could spare 60% of SNPs required for genotyping and limit the imprecision in allele-frequency estimation of nontag SNPs to 2% on average. We discovered the presence of a mosaic pattern of LD plots within a conventionally inferred haplotype block. This emerged because multiple groups of SNPs with strong intragroup LD were mingled in their physical positions. The pattern of LD plots showed some similarity, but the details of tag SNPs were not entirely concordant among three populations. Consequently, our algorithm utilizing LD grouping allows selection of a more faithful set of tag SNPs than do previous algorithms utilizing haplotype blocks.
S
INGLE nucleotide polymorphisms (SNPs) are stably presumably any population. This hypothesis has led to inherited, highly abundant, and distributed throughthe HAPMAP project (http://www.hapmap.org), which out the genome. These variations are associated not aims at developing a map of common haplotype patonly with diversity within and among populations, but terns throughout the genome in several ethnic populaalso with individual responses to medication and susceptions. Once each gene (or chromosomal fragment) is tibility to diseases (Strachan and Read 2004) . In particsubdivided into haplotype blocks, the haplotypes can ular, positional cloning of genes for disease susceptibility be "tagged" by a subset of all available SNPs, the sodepends on linkage disequilibrium (LD) and correlations called tag SNPs. The construction of a haplotype map among alleles of neighboring variations, reflecting "hapof the human genome and the definition of tag SNPs lotypes" descended from a common, ancestral chromoare expected to facilitate association studies of common some. It has become clear that chromosomally mapped genetic variation, in particular, to determine as-yetand ordered SNPs can be grouped into "haplotype unidentified disease-causing alleles. blocks" harboring a limited number of distinct haploHowever, in real data, LD among SNPs does not nectypes (Gabriel et al. 2002) . Several studies have shown essarily produce clear segmental structure, and selection that the human genome is structured with such segof tag SNPs is not straightforward. When a well-defined ments within which there is strong LD among relatively haplotype block contains only a group of SNPs in almost common SNPs, but between which recombination has complete LD, any SNP can be used as a tag SNP, and left little LD (Patil et al. 2001) . When SNPs are in the selection is simple. For two groups of SNPs in no strong LD, the alleles of a few SNPs on a haplotype intergroup LD, genotype information of SNPs in one suggest the alleles of the other SNPs, which as a result group is not useful to deduce genotype information of provide redundant information. Consequently, a modSNPs in the other group, and tag SNPs can be selected est number of common SNPs selected from each segindependently from each group. In most cases, however, ment would suffice to define the relevant haplotypes in because both SNPs in strong LD and those in weak LD mingle in certain chromosomal fragments, selection of tag SNPs has to be made by considering such a complex blocks, those in an LD group were expected to reside within methods have been proposed (Zhang et al. 2002 a number of SNPs in five genes-ABCA1, ADPRT, F5, LPL, and SLC12A3-and tested our newly developed tag
Step 1. Compute LD coefficient r 2 between SNPs.
Step 2. For s ϭ 0.0, 0.1, 0.2, . . . , 1.0, where s is an arbitrarily SNP selection algorithm on them. Among these five definable threshold against r 2 , do steps 3-6 to compute the genes, we examined in detail the LPL (lipoprotein li-LD groups (step 3), complete LD subgroups (step 5), and pase) gene, which had been extensively studied for LD the "total frequency of neglected haplotype classes" (step and haplotype structure (Clark et al. 1998; Nickerson 6 ) under respective thresholds.
et al. 1998; Templeton et al. 2000a,b; Morabia et al. Step 3. Divide SNPs into LD groups: if two SNPs have r 2 Ն s, they belong to the same LD group.
2003), because of the presence of highly abundant poly-
Step 4. For each LD group, infer haplotype classes for the morphisms and because of its physio-pathological im- SNPs. portance. Independently of observations from the pre-
Step 5. For each LD group, divide the SNPs into complete vious reports, we investigated the LD relations with LD subgroups: the SNPs in complete LD (i.e., co-inherited) particular attention to ethnic diversity and studied the with respect to common haplotype classes (frequency Ն 5%) belong to the same complete LD subgroup.
phylogenic tree of haplotypes to clarify the theoretical
Step 6. For each LD group consisting of more than one SNP, basis underlying our tag SNP selection algorithm. We sum the frequencies of rare haplotype classes (frequency Ͻ also examined ethnic diversity in allele frequencies of 5%) and define the average value of the sum over a series SNPs more extensively with a set of 979 SNPs distributed of LD groups as the "total frequency of neglected haplotype throughout the genome.
classes."
Step 7. Find the minimum value, t, for a threshold, s, such that the total frequency of neglected haplotype classes (step MATERIALS AND METHODS 6) is at most 5% for s Ն t, but not necessarily so for s Ͻ t . Output this r 2 threshold, t, and adopt the classifications of SNP discovery and genotyping in five genes: To investigate SNPs by LD groups (step 3) and complete LD subgroups LD and tag SNP selection, we used a number of SNPs from (step 5) for this t. The selection of any one SNP from each five genes-ABCA1, ADPRT, F5, LPL, and SLC12A3. These five of the complete LD subgroups constitutes a tag SNP set. genes were chosen because they had been shown to hold a large number of SNPs (25 or more) through our SNP discovFor tag SNPs thus selected, the imprecision in the allelefrequency estimation of nontag SNPs was guaranteed to be ery, which was part of our ongoing project on 150 atherosclerosis candidate genes. First, SNPs were screened by direct selimited. In application, genotyping of the tag SNPs gives their allele frequencies, which in turn approximate allele frequenquencing of genomic DNA derived from 48 Japanese subjects in all exons, 5Ј-untranslated regions (5Ј-UTRs), and 3Ј-UTRs cies of the nontag SNPs belonging to the same complete LD subgroup. Thus, the errors in this approximation involve those of each gene. In addition to SNPs thus detected, those reported in previous publications and those listed in the assaysdue to the noninclusion of rare haplotype classes (step 5), whose frequencies sum at most 5% on average (step 6 and on-demand set (Applied Biosystems, Foster City, CA) were genotyped by either the TaqMan method (Applied Biosys-7), and those due to the imprecise inference of haplotypes, which seems to be negligible since the SNPs are in LD greater tems) or restriction fragment length polymorphism. The panel of DNA samples consisted of 113 Japanese volunteers, than the threshold to constitute one LD group (step 3). This error bound is valid as long as the genotyped populations as well as 100 African Americans and 100 Caucasians, samples for both of which were purchased from the Coriell Cell Reposihave an LD structure similar to the population initially used for tag SNP selection. tories (Camden, NJ). We selected SNPs that were consistent with Hardy-Weinberg equilibrium and had minor allele freThe (minimum) threshold, t , providing such guarantee (step 7) always exists, because for s ϭ 1, only the SNPs in quencies (MAFs) of at least 5% in an ethnic population. The threshold of 5% was chosen because it was considered to be complete LD (with respect to haplotypes inferable from all the SNPs) are grouped together in an LD group, and thus the lowest MAF for a potentially causative SNP with a genotype relative risk of at least 2 being detectable with a sample size the haplotype classes of the LD group correspond to the alleles of the SNPs (which were assumed to have a frequency of at of 1000 in the case-control study design (Risch 2000) . All subjects gave written consent for participation and the protoleast 5%); hence the total frequency of neglected haplotype classes (step 6) becomes zero. Although a higher threshold cols were approved by the ethics committee of the International Medical Center of Japan.
value than the one computed in step 7 also guarantees limiting approximation errors, it will result in the selection of a larger Tag SNP selection: First, in our strategy for tag SNP selection, SNPs in LD greater than a given threshold were grouped tag SNP set. The haplotypes were inferred by the SNPHAP software together, which was conceptually analogous to haplotype block partitioning. Then, independently in each group, the (Clayton 2004 The r 2 thresholds for LD grouping (i.e., t in step 7)
closeness of SNPs to represent the proximity of SNPs in the varied among the three populations as well, but were phylogeny of haplotypes. First, haplotypes were inferred from not necessarily associated with average values of pairwise genotype data by the SNPHAP software (see Table 1 for SNPs of the LPL gene and Table 2 for haplotypes of selected SNPs).
LD or with the efficiency of tag SNP selection (Table 3) . Figure 1A ). An edge connecting two haplotype nodes in the pairwise LD in three ethnic populations, and the maxitree corresponds to the SNP(s) at which the haplotypes differ.
mum limit of imprecision was estimated to be 9%. The
The phylogenic closeness of SNPs was defined as a "relation" between the SNPs: two SNPs were thought to be related if their overall differences in LD relations among three populacorresponding edges were connected to a common haplotype tions must be caused by a number of factors, such as node in the tree. (For example, SNP13 and SNP24 are related, diversity in population histories and some selection bias because their corresponding edges share HAP1 in Figure 1A , of SNPs, since the SNPs tested in the present study were whereas SNP13 and SNP14 are not related.) This relation was mostly discovered in the Japanese.
reshaped into a diagram with nodes corresponding to the SNPs and edges between two related nodes, i.e., SNPs (see LD structure of SNPs: We further investigated the that the physical positions of SNPs belonging to different clusters were mingled. Similarly, mosaic patterns were prominent in the ADPRT and F5 genes ( Figure   RESULTS 2A), in which concordant patterns were observed not Tag SNP selection and LD: Our algorithm enabled only for the Japanese but also for African Americans us to select tag SNPs that reduced the number of SNPs and Caucasians (data not shown). necessary for genotyping down to 43%, on average, for
In the LPL gene, while a concordant mosaic pattern of five genes (Table 3 ). The imprecision of the allele-fre-LD plots was observed across three populations, ethnic consistency was not entirely but partially supported by quency estimation of the nontag SNPs from the tag Individual SNPs were characterized in 113 Japanese, 100 African Americans, and 100 Caucasians as described in materials and methods.
e When applicable, the identity of SNPs previously studied by two other groups of researchers is shown for the relevant SNPs characterized in this study.
f SNPs derived from Assays-on-Demand (Applied Biosystems).
g Assays-on-Demand ID was C_9642874_10. CCCAGGCCGATCCCCT
Haplotype class inferred from 6 SNPs in SNP cluster A (SNP9, SNP10, SNP13, SNP14, SNP19 and SNP22)
Haplotype class inferred from 4 SNPs in SNP cluster B (SNP17, SNP18, SNP20 and SNP23)
Haplotype class inferred from 3 SNPs in SNP cluster C (SNP15, SNP16 and SNP21)
(1) 92.0 (1) 89.5 (1) 5 ϩ 6 ϩ 7 ϩ 8 ϩ 9 ϩ 10 ϩ 11 ϩ 12 ϩ 13 ϩ 14) C-2 (HAP4)
------GT----A---9.3 (2) 6.9 (2) 9.9 (2) a Among 25 SNPs genotyped in the LPL gene (Table 1 , Figure 2C ), the central 16 SNPs (SNP9-SNP24 spanning 8.5 kbp) were used for the estimation of haplotype classes because they formed a haplotype block. While a number of haplotype classes were inferred from these SNPs, 14 had a frequency of at least 2% in the Japanese, African American, or Caucasian population, and they were numbered by the frequency order calculated from the three ethnic populations combined.
b The frequency order shown in the parentheses was determined by calculating the percentage of the corresponding haplotype class in each ethnic group.
c SNP clusters are defined in Figure 2B .
the concordant classification of LD groups and comFor example, SNP11 and SNP12 were included in an LD group together with cluster A in African Americans, plete LD subgroups across the populations (Figure 3) . Here, any of the three clusters of SNPs-A, B, and Cbut included in an LD group with cluster B in the Japanese. was found to constitute a class of SNPs in between the coarse classification by LD groups and the fine classifiEthnic diversity in frequencies of SNPs and haplotypes: Although LD relations showed moderate ethnic cation by complete LD subgroups, and this was pertinent to three ethnic populations. Meanwhile, not all consistency, the allele frequencies of SNPs varied widely among three ethnic populations. In the five genes the combinations of SNPs in LD groups and complete LD subgroups were identical among the populations.
tested, MAFs showed only weak correlation between the Table 2 ). For each haplotype, its number and its frequency order in the Japanese (JPN), African Americans (AFR), and Caucasians (CAU) are indicated. For each pair of haplotypes adjacent in the tree, the SNP(s) at which they differ is denoted on the edge between the pair. One of the pair of haplotypes might have been generated from the other one by mutation(s) at the SNP(s) or, alternatively, by recombination. (B) Schematic of the phylogenic closeness of SNPs. Two SNPs related in this closeness (i.e., SNPs with corresponding edges connected to the same haplotype node in A) are connected by an edge. In A and B, three clusters-A, B, and C-of SNPs (see Figure 2B ) are marked. Japanese, African Americans, and Caucasians, and the exon, 0.43 in intron, and 0.32 in UTR (Figure 4 , A and B). Here, although there were no significant differences correlation coefficients were mostly Ͻ0.6 (Table 4) . To further study the correlation of MAFs on a larger scale, in correlation coefficients among three positional classes of SNPs, they tended to be higher for SNPs in exons we tested SNPs from the HuSNP set. SNPs in the HuSNP set had been chosen on the basis of relatively high MAFs compared to those for SNPs in UTRs. Allele-frequency differences between the Japanese and the reference in a reference panel in which Caucasians constituted a predominant population, but a quarter of genotyped panel showed an almost normal distribution in terms of skewness but not in terms of kurtosis ( Figure 4C ). SNPs turned out to be poorly informative (MAF Ͻ 0.1) in the Japanese. MAFs of the SNPs did not show signifi-A tag SNP set commonly useful for different ethnic populations could be detected by our algorithm under cant correlations between the Japanese and the reference panel: correlation coefficients were 0.55 for SNPs in two conditions: if the classification by LD groups was comparable among populations and if the haplotype classes in each LD group was comparable. For the first condition, as described above, LD groups were moderately concordant across ethnic populations. For the second condition, we estimated the extent to which haplotype classes were conserved in case arbitrarily defined classes of SNPs were comparable among populations. We took the SNP clusters A, B, and C in the LPL gene and separately computed haplotype classes with a frequency of at least 5% in three populations ( Table 2 ). The frequency order of common haplotype classes was concordant across the populations, while the frequency of each haplotype class and the total number of common haplotype classes differed widely. For example, in the cluster A, the A-1 haplotype was the most frequent class in all of the three populations, but its frequency ranged from 39.9% in African Americans to 84.5% in the Japanese and the total number of common haplotypes ranged from four in African Americans to two in the Japanese. To statistically capture haplotype information covering all the populations, three tag SNPs were required to distinguish four common haplotype classes in African Americans, whereas any of the three tag SNPs was sufficient to distinguish two common haplotypes in the Japanese. This indicated that some redundancy of SNPs would be inevitable for a tag SNP set working universally for different ethnic populations.
Phylogenic closeness of SNPs:
We have defined LD groups and complete LD subgroups in statistical terms so far, and we next demonstrate that such grouping of SNPs may well be correlated with the "phylogenic closeness" of SNPs. To be precise, it is the inheritance of haplotypes that may determine their phylogeny, in which a SNP mutation or a recombination may generate a new haplotype from the existing ones. Thus, in general, SNPs themselves do not form a framework of phylogeny, but serve as "connections" between haplotypes that constitute phylogeny. Here we investigated the closeness of SNPs in the phylogeny. Among 25 SNPs genotyped in the LPL gene (Table 1 , Figure 2C ), we focused on the central 16 SNPs (SNP9-SNP24 spanning 8.5 kbp), which formed a haplotype block. While a number of haplotype classes were inferred for these SNPs, 14 had a frequency of at least 2% in the Japanese, African American, or Caucasian populations ( Table 2 ). The resultant phylogenic tree of haplotypes was the most parsimonious tree ( Figure 1A) .
To depict the closeness of SNPs in this tree explicitly, we reshaped the diagram as shown in Figure 1B . In the preceding arguments, three clusters of SNPs in the LPL gene ( Figure 2B ) typically represent three aspects of LD relations of SNPs: patterns in LD plots, LD groups, and complete LD subgroups. Each cluster of SNPs was found to be congregated closely in the diagram. This supports the idea that these two independent approaches to partitioning SNPs-one by LD relations Table 1 ). Tag SNP Selection by LD Groups of SNPs and the other by mutual proximity from the phylogenic assumed to be in strong LD with a tag SNP) to 2% in viewpoint-were indeed consistent.
the five genes tested (Table 3) . In our algorithm, SNPs are first classified into LD groups on the basis of LD relations calculated by coefficient r 2 and then each LD DISCUSSION group is divided into complete LD subgroups such that a set of tag SNPs derived from the subgroups can distinIn this study, we developed a tag SNP selection algoguish common haplotype classes in the LD group. We rithm that can spare, on average, ‫%06ف‬ of SNPs rehave found that a mosaic pattern of LD plots exists and quired for genotyping and that can simultaneously limit that three clusters of SNPs with strong intracluster LD the imprecision of allele-frequency estimation of the nontag SNPs (i.e., SNPs not directly characterized but form this pattern in the LPL gene ( Figure 2B ). More- Figure 3. -LD groups and complete LD subgroups of SNPs in the LPL gene for three ethnic populations. SNPs in the same LD group are shaded together, and the SNPs in the same complete LD subgroup are joined by lines. Selection of one SNP from each of the complete LD subgroups constitutes a tag SNP set. For example, in the Japanese, there were seven LD groups. Among them, the topmost LD group consists of 10 SNPs, and it separates into two complete LD subgroups of size six (SNP9, SNP10, SNP13, SNP14, SNP19, and SNP22) and four (SNP 15, SNP16, SNP21, and SNP25). As for the four LD groups at the bottom, each consists of one complete LD subgroup, including a single SNP. There are nine complete LD subgroups in total, and a selection of one SNP from each of them composes a tag SNP set of size nine. The SNP cluster name (defined in Figure 2B ) to which a SNP belongs is indicated next to the SNP number. The SNP clusters were found as an "intermediate" level of SNP classifications between the two levels-LD groups and complete LD subgroups-in any of the populations. In fact, when compared to LD groups, any of the SNP clusters was included within one LD group; i.e., they were not split into multiple LD groups. On the other hand, when compared to complete LD subgroups, the SNP clusters were distinguishable in the sense that none of the complete LD subgroups were derived from more than one SNP cluster. For each SNP cluster, its name is denoted at the right, and the complete LD groups comprising the SNPs of the cluster are aligned at its left. The clusters highlight concordance in the classifications by LD groups and complete LD groups across ethnic populations. The vertical lines partition every 10 SNPs. over, we have found that the grouping of SNPs by LD al. (2004) previously reported a greedy algorithm for tag SNP selection based on the LD coefficient r 2 under relations typically reflects their mutual proximity from the phylogenic viewpoint (Figure 1) . While Carlson et a stringent threshold, we believe that our algorithm is unique in the sense that tag SNPs are selected on the on LD relations, which are equivalent to haplotypes for two SNPs, can be accurately performed by using fewer basis of LD grouping of SNPs, which we have proven to be compatible with the structure of SNPs in the phyindividuals than that based on haplotype inference of multiple SNPs, because haplotype inference for a larger logeny of haplotypes.
Our algorithm has two major advantages over tag SNP number of SNPs generally requires higher computational load but results in lower precision. selection algorithms previously proposed. First, most algorithms (Patil et al. 2001; Zhang et al. 2002; Eskin Several features of SNPs and haplotypes have been brought up in the present study. First of all, ethnic diversity et al. 2003; Zhang and Jin 2003) assume the existence of haplotype blocks, which is appropriate only in the is an issue of interest. We found moderate conservation across three ethnic populations in the genetic makeup limited situations discussed below. Second, the input data required for many of them are haplotypes, whereas of SNPs but not in the allele frequencies of SNPs or haplotypes. In accordance with a previous report comour algorithm requires genotypes of individual SNPs alone, which can be generated by current high-throughout paring African Americans and European Americans (Carlson et al. 2003) , our SNP data in the HuSNP set typing technologies. In addition, tag SNP selection based (Figure 4) do not show significant correlations of MAFs basis of haplotype blocks when the target gene is relatively large. For example, SNP24 constitutes a single LD between the Japanese and a reference population, and our SNP data in five genes have also led to similar group by itself and has been selected as a tag SNP. It is located between SNPs belonging to different LD groups observations in the Japanese, African Americans, and Caucasians (Table 4 ). In contrast, the patterns of LD (Figure 3 ). When tag SNP selection is performed primarily on the basis of haplotype blocks, SNP24 may be plots have shown some similarity across the populations ( Figure 2B ) due to moderate conservation in the genetic concealed by its flanking SNPs-SNP21, SNP22, SNP23, and SNP25-in the relevant haplotype block and may makeup of SNPs, which is represented by the partially concordant classification of LD groups (Figure 3) . Hownot be selected as a unique tag SNP any more. Because SNP24 shows a high MAF in the Japanese (22%) and ever, the details of tag SNPs are not entirely concordant among three populations. As far as tag SNPs are conin Caucasians (29%), the failure to select this SNP for genotyping decreases the statistical power of genetic cerned, similarity in the LD grouping, the frequency order of common haplotypes in an LD group, and disassociation studies. In this context, tag SNP selection with equally spaced SNPs on the chromosome also puts crepancy in the frequencies and the number of common haplotypes ( Table 2 ) have indicated that, although tag studies at risk for losing genetic information. In summary, we have developed a two-level grouping SNP selection can be performed commonly across ethnic populations to some extent, part of the selected tag of SNPs by LD relations, and thereby we have demonstrated the efficiency of our tag SNP selection algorithm SNPs will become redundant in some populations.
Second, a mosaic pattern formed by LD groups is in the representative data. This enlightens our understanding of genetic polymorphisms and facilitates their another issue of interest. This mosaic pattern emerges when multiple clusters of SNPs with strong intracluster use in genetic studies. We still need to examine a larger number of genes to validate the close relations between LD are mingled in the physical order in a certain chromosomal segment. In the LPL gene, a number of LD LD statistics and phylogenic structures and the moderate conservation of these relations among different ethgroups and complete LD subgroups of SNPs exist, which are mingled as such within a conventionally inferred nic populations. Also, in a larger sample set, we need to evaluate the efficiency of our tag SNP selection algohaplotype block, thereby resulting in a mosaic pattern ( Figure 2B and 4) . We have observed this kind of mosaic rithm in more detail, particularly by comparing it with the preceding ones. Then, such studies will answer the pattern in ADPRT and F5 as well (Figure 2A) shown in Figure A1 , the optimal threshold was t ϭ 0.43, ation studies. which was still Ͻ5% (see step 7). In the Caucasians, the threshold value for the continuous version was 0.39
Communicating editor: N. Takahata instead of 0.4 for the original version, which caused two LD groups to be joined. On the other hand, in African APPENDIX: EXTENSIVE EXAMINATION Americans, the thresholds were 0.5 and 0.43, respec-OF THE r 2 THRESHOLD AND LD GROUPS tively, and this yielded identical LD groups. NevertheIn our tag SNP selection, the classification of SNPs less, for software implementation, we recommend the use of the more extensive continuous version. by LD groups (step 3) changed according to the r
